Protein targeting to glycogen (PTG) is a scaffolding protein that targets protein phosphatase 1a (PP1a) to glycogen, and links it to enzymes involved in glycogen synthesis and degradation. We generated mice that possess a heterozygous deletion of the PTG gene. These mice have reduced glycogen stores in adipose tissue, liver, heart, and skeletal muscle, corresponding with decreased glycogen synthase activity and glycogen synthesis rate. Although young PTG heterozygous mice initially demonstrate normal glucose tolerance, progressive glucose intolerance, hyperinsulinemia, and insulin resistance develop with aging. Insulin resistance in older PTG heterozygous mice correlates with a significant increase in muscle triglyceride content, with a corresponding attenuation of insulin receptor signaling. These data suggest that PTG plays a critical role in glycogen synthesis and is necessary to maintain the appropriate metabolic balance for the partitioning of fuel substrates between glycogen and lipid.
Introduction
Insulin stimulates glycogen synthesis and inhibits glycogen degradation by promoting the net dephosphorylation of glycogen synthase and phosphorylase (1) (2) (3) (4) . This net dephosphorylation is accomplished by the inhibition of protein kinases and the activation of protein phosphatases, such as protein phosphatase 1α (PP1α) (5) (6) (7) . Insulin produces the dephosphorylation of only a small subset of proteins at discrete locations, whereas PP1 is ubiquitously expressed and is found in virtually all cellular compartments, suggesting that mechanisms exist for the targeted regulation of PP1 in insulin-responsive cells that selectively permit activation of the enzyme only at these sites. One clue to this dilemma has emerged from the identification of "targeting" subunits that allow for the compartmentalized activation of the phosphatase, resulting in the specific dephosphorylation of discrete pools of proteins within the cell.
Four glycogen-targeting subunits of PP1 have been reported: G M , G L , PPP1R6, and protein targeting to glycogen (PTG) (8) (9) (10) (11) . These targeting proteins actually serve as molecular scaffolds, juxtaposing the enzyme with its substrates in a macromolecular complex, and in the process exerting profound effects on PP1 activity and glycogen metabolism. G M is expressed specifically in skeletal muscle and heart. Mice possessing a homozygous deletion of the G M gene display reduced skeletal muscle glycogen stores and attenuated activation of glycogen synthesis in response to contraction, but no changes in glucose homeostasis or insulin sensitivity (12) . The liver-specific targeting subunit G L lacks a discernible glycogen synthase binding site, but binds active phosphorylase with high affinity (13) and may negatively regulate glycogen synthesis under certain conditions. PTG binds to glycogen synthase, phosphorylase, and phosphorylase kinase in vitro (11) and dramatically increases basal and insulin-stimulated glycogen synthesis upon overexpression in cells (14, 15) . Similarly, rats overexpressing PTG in liver by adenoviral infection demonstrate improved glucose tolerance (16) .
Methods
Generation of PTG heterozygous knockout mice. The PTG gene targeting vector was microinjected into 129/Sv embryonic stem cells. Positive chimeric male pups were identified by Southern blotting and were then crossed with female C57BL/6J mice to produce PTG heterozygous mice on a mixed 129/Sv, C57BL/6J genetic background. In order to analyze animals on a homogenous genetic background, male PTG heterozygous mice were backcrossed with female C57BL/6J mice for five successive generations. Animals were housed under con-trolled temperature (23°C) and lighting (12 hour light/dark cycle) with free access to water and standard mouse chow. The University of Michigan Animal Care and Use Committee approved all procedures.
Analysis of protein levels by Western blotting and immunoprecipitation. Tissues were isolated from 1-to 2-month old PTG +/-and wild-type mice between 8 am and 10 am and then immediately frozen in liquid nitrogen. Tissue homogenates were prepared with buffer containing 50 mM HEPES (pH 7.8), 10 mM NaCl, 10% glycerol, 1% Triton X-100, and protease inhibitors using a ground glass dounce homogenizer. Homogenates were spun at 12,000 g for 20 minutes at 4°C, and the supernatants were quantified by the Bradford method. One hundred micrograms of total protein was resolved on 4-20% SDS-PAGE gels and subjected to Western blotting. The levels of PTG protein were analyzed using a rabbit polyclonal antibody raised against the murine PTG sequence. G M was detected using a polyclonal rabbit antibody kindly provided by the laboratory of D. Brautigan (University of Virginia, Charlottesville, Virginia, USA). Glycogen synthase was detected using a monoclonal antibody raised against the muscle isoform of glycogen synthase (Chemicon International Inc., Temecula, California, USA), and PP1 was detected using a monoclonal antibody against total PP1 (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). A rabbit polyclonal antibody raised against the basal transcription apparatus factor TFIIEα (Santa Cruz Biotechnology Inc.) was used as a loading control. Studies of muscle and liver insulin signaling used antibodies for total and phosphospecific Akt (Cell Signaling Technology Inc., Beverly, Massachusetts, USA). Quadriceps muscle and liver homogenates (4 mg total protein) were immunoprecipitated with 4 µg anti-IRS-1 or IRS-2 antibody (Upstate Biotechnology Inc., Lake Placid, New York, USA) overnight and immunoblotted for anti-phosphotyrosine (G410; Upstate Biotechnology Inc.) and total IRS-1 or IRS-2 (Santa Cruz Biotechnology Inc.).
Detection of G L expression levels by RT-PCR. Total RNA was isolated from liver tissue of 1-to 2-month-old PTG heterozygous or wild-type mice by extraction with Trizol reagent (Invitrogen Corp., Carlsbad, California, USA) according to the manufacturer's instructions. Total RNA (5 µg) was then used for RT-PCR using the cDNA Cycle kit from Invitrogen Corp. The primers used for cDNA synthesis and PCR amplification were: G L , 5′-CAAACTGAACAAGCCACTGAG-3′ and 5′-TCTGCT-GTCGTCAGACTCAC-3′; PTG, 5′-AGGAAGCCAAATCGCA-GAGT-3′ and 5′-AAGTTTTAAGCTGGAGGAGATA-3′; and α-tubulin, 5′-GCGTGAGTGTATCTCCATCCA-3′ and 5′-GGTAGGTGCCAGTGCGAACTT-3′. PCR fragments were resolved upon 3% Tris-acetate agarose gels containing 5 µg/ml ethidium bromide.
Analysis of tissue glycogen levels. Nonfasting 1-to 2-month-old male or fasting 18-month-old male mice were sacrificed between 8 am and 10 am and tissues were frozen in liquid nitrogen. Frozen tissue samples (50-150 mg) were digested in a suitable volume of 30% KOH for 10 minutes at 100°C. Digestion was completed by the addition of one-fifth volume of 20% NaSO 4 . Macromolecules were precipitated by the addition of two volumes of absolute ethanol and overnight incubation at -20°C. Macromolecules were washed with 70% ethanol and dried, and then glycogen was hydrolyzed by digestion in 500 µl of 4 N H 2 SO 4 for 10 minutes at 100°C. Samples were neutralized with the addition of an equivalent volume of 4 N NaOH and then deproteinized with the addition of equal volumes of BaOH and ZnSO 4 . An appropriate volume of supernatant was used in a glucose assay available from Sigma-Aldrich (St. Louis, Missouri, USA).
Assay for glycogen synthase activity. Tissue samples were isolated from 1-to 2-month-old male animals in the nonfasting state between 8 am and 10 am and then frozen for later use or directly homogenized in glycogen synthase buffer containing 50 mM HEPES (pH 7.8), 100 mM NaF, 10 mM EDTA, and 1% Triton X-100. Glycogen synthase assays were performed as described previously (11) . For insulin treatments, animals were lightly anesthetized with isoflurane and then injected via tail vein with 2 mU/g body weight of human recombinant insulin (Novolin R; Novo Nordisk A/S, Princeton, New Jersey, USA). Five minutes later the animals were euthanized and then muscles were excised and frozen immediately in liquid nitrogen for later analysis.
Intraperitoneal glucagon tolerance tests. Male 18-monthold animals in the nonfasting state were injected with 50 ng/g body weight glucagon in PBS vehicle. Wholeblood samples were collected from the tail tip at the indicated timepoints and blood glucose concentration was determined using an Accu-Chek Instant Plus blood glucose monitor (Roche Diagnostics Corp., Indianapolis, Indiana, USA).
Intraperitoneal glucose and insulin tolerance tests. Male animals of the indicated age were starved for 16 hours. The test was initiated by the intraperitoneal injection of 2 mg/g body weight dextrose in PBS vehicle. Whole-blood samples were collected from the tail tip at the indicated timepoints and blood glucose concentration was determined using an Accu-Chek Instant Plus blood glucose monitor (Roche Diagnostics Corp.). Intraperitoneal insulin tolerance tests were performed on 12-month-old male PTG +/-or wild-type animals. The test was initiated by the intraperitoneal injection of 2 mU/g body weight human recombinant insulin (Novolin R; Novo Nordisk A/S). Blood samples were collected and analyzed at the same timepoints as for the glucose tolerance test.
In vivo tissue glucose transport. As a tracer, 2-deoxy-D-[U-14 C] glucose (308 mCi/mmol; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) was combined with 0.5 g/ml dextrose and then injected intraperitoneally (2 mg/g body weight, 10 µCi per mouse) into overnight-fasted 3-to 4-month-old male mice. Mixed arterial/venous blood was collected from the tail tip at 0, 15, 30, 60, 90, and 120 minutes. Blood glucose concentration was measured using a Roche Accu-Chek Instant Plus blood glucose monitor. The specific activity of glucose in serum was determined as follows: a plasma sample was deproteinized with 67 volumes of 3.5% ice-cold perchloric acid, centrifuged, and neutralized with 15 volumes of 2.2 M KHCO 3 . The radioactivity of the supernatant was then measured by liquid scintillation counting. The specific activity of glucose in serum was calculated by dividing the sample radioactivity by the glucose concentration at that timepoint. This data was plotted for all points, and the area under the curve was calculated over the 120 minutes of the glucose tolerance test by integration. Animals were euthanized at the end of the glucose tolerance test by pentobarbital injection; tissues were excised rapidly and frozen immediately in liquid nitrogen. In order to determine tissue accumulation of 2-deoxy-glucose-6-phosphate, tissue was homogenized in 2 ml of distilled water, and a 1.6-ml aliquot was deproteinized with an equal volume of 7% ice-cold perchloric acid. The sample was centrifuged to collect precipitated protein, and 3 ml of the supernatant was collected and neutralized with 750 µl of 2.2 M KHCO 3 . Total radioactivity was determined from a 1-ml aliquot by liquid scintillation counting, while another 1-ml aliquot was passed through an AG 1-X8 resin anion exchange column (Bio-Rad Laboratories Inc., Hercules, California, USA) in order to remove 2-deoxy-glucose-6-phosphate. The column was eluted with 3 ml of distilled water and the radioactivity of the eluate was measured by liquid scintillation counting. The difference between total radioactivity and eluted radioactivity corresponded to accumulated 2-deoxy-D-[U-14 C]-glucose-6-phosphate. Protein pellets were digested for 1 hour at 55°C in 30% KOH and the protein concentration was determined by Bradford assay (Bio-Rad Laboratories Inc.). To calculate tissue glucose uptake, the counts for accumulated 2-deoxy-glucose-6-phosphate were divided by the glucose specific activity in serum over the time course of the tolerance test and by the sample protein content.
Incorporation of 2-deoxy-glucose-6-phosphate into liver glycogen during a glucose tolerance test. Frozen liver (100-200 mg) was digested in 750 µl of 30% KOH at 100°C for 10 minutes. Upon digestion, protein concentration of an aliquot was determined by Bradford assay (Bio-Rad Laboratories Inc.). The sample was neutralized with 200 µl of 20% NaSO 4 and macromolecules were precipitated with 1 ml of absolute ethanol overnight at -20°C. Macromolecules were pelleted by centrifugation and washed twice with 70% ethanol. The pellet was dried and then glycogen was digested by heat and acid with 500 µl of 4 N H 2 SO 4 for 10 minutes at 100°C. The sample was neutralized with an equal volume of 4 N NaOH and radioactivity was determined by liquid scintillation counting. In order to determine 2-deoxy-glucose-6-phosphate incorporation into glycogen, radioactivity of digested samples was divided by the glucose specific activity in serum over the time course of the tolerance test, and by the sample protein content.
Estimation of tissue triglyceride content. Muscle or liver (50-100 mg) from 18-month-old PTG +/-or wild-type mice was homogenized in an organic extraction solution of chloroform and methanol (2:1) and then nutated at 4°C overnight. A solution of 0.6% NaCl was added to one-half volumes and an emulsification was formed by vortexing. Samples were then spun at 800 g for 20 minutes at 4°C. The organic layer was extracted and evaporated to dryness under a stream of argon. The dried samples were reconstituted in PBS containing 1% Triton X-100, and this preparation was then used in a triglyceride assay available from Sigma-Aldrich.
Analysis of serum constituents. Sera were collected either after a 16-hour fast or in the nonfasting state between 8 am and 10 am. Serum insulin levels were analyzed using an ELISA for rat insulin (Ultra Sensitive Rat Insulin ELISA; Crystal Chem Inc., Chicago, Illinois, USA) and using mouse insulin standards
Figure 1
Mice possessing a heterozygous deletion of the PTG gene display reduced PTG protein levels while the expression of G L and G M are not altered. (a) The entire 1-kb coding region of the intronless PTG gene was targeted for disruption. PTG heterozygous mice were generated as outlined in Methods and then backcrossed for five generations to inbred C57BL/6J mice. (b) PTG protein levels are reduced in insulinresponsive tissues of PTG +/-mice. Tissue homogenates were prepared from nonfasted 1-to 2-month-old male animals and analyzed by Western blotting. Equivalent loading was insured by analysis of the levels of the basal transcription factor TFIIEα. (c) The expression levels of the tissue-specific glycogen-targeting subunits G M and G L are unchanged in PTG heterozygous mice. The expression level of G L at the mRNA level was analyzed by RT-PCR using liver total RNA isolated from nonfasting 1-to 2-month-old male animals. The expression of G M was analyzed by Western blotting and equivalent loading was insured by analysis of the levels of TFIIEα.
(Crystal Chem Inc.). Blood glucose measurements were made using a Roche Accu-Chek Instant Plus blood glucose monitor. Fasting or nonfasting serum triglycerides, nonesterified FFAs, and lactate were determined using kits available from Sigma-Aldrich. Fasting serum leptin levels were determined using a mouse leptin ELISA kit (Crystal Chem Inc.). Fasting serum adiponectin levels were determined with a radioimmunoassay for mouse adiponectin (Linco Research Inc., St. Charles, Missouri, USA).
Statistical analysis. Data were analyzed for statistical significance using the statistical package in Microsoft Excel. Differences between groups were considered to be statistically significant if values of P ≤ 0.05 were calculated from unpaired two-tailed Student t tests.
Results

Generation of PTG knockout mice.
In order to investigate the physiological role of PTG in glycogen metabolism and glucose homeostasis, we generated mice possessing a heterozygous deletion of the PTG gene. Because the PTG gene is intronless, the entire coding sequence was targeted for deletion ( Figure 1a) . Two independent lines of chimeric male animals were crossed to C57BL/6J female mice to produce heterozygous founder animals; these were backcrossed to the inbred C57BL/6J strain for five generations. Homozygous deletion of the PTG gene was embryonic lethal, as the genotyping of more than 100 pups derived from heterozygous breeding pairs failed to produce viable homozygous animals. PTG heterozygous animals dis-
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Figure 2
Reduction of PTG protein levels leads to reduced glycogen stores due to decreased basal and insulin-stimulated glycogen synthesis. (a) PTG +/-mice display reduced glycogen stores. Glycogen levels were analyzed from tissues isolated from nonfasted 1-to 2-month-old male animals (n = 6 per group: adipose and heart; n = 7-8 per group: liver, epitrochlearis, and quadriceps; n = 3-6 per group: gastrocnemius) or from fasted 18-month-old male animals (n = 4-10 per group, liver; n = 4-12 per group, heart). Results are reported as mean ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.005. (b) Glycogen synthase activity ratio is decreased in insulin-responsive tissues of PTG +/-mice. Glycogen synthase activity was assayed in tissue homogenates prepared from 1-to 2-month-old male animals in the nonfasting state (n = 9 per group, adipose; n = 7-8 per group, liver). Results are reported as mean ± SEM (*P ≤ 0.002; **P ≤ 0.001). G6P, glucose-6-phosphate. (c) Basal and insulin-stimulated glycogen synthase activity ratio is decreased in skeletal muscle of PTG +/-mice. Glycogen synthase activity was assayed in homogenates of forelimb epitrochlearis muscle in the basal state and after stimulation with 2 mU/g body weight human recombinant insulin. Animals were 1-to 2-month-old males in the nonfasting state (n = 4-7 per group). Results are reported as mean ± SEM (*P ≤ 0.05; **P ≤ 0.002). (d) The levels of total cellular glycogen synthase (GS) and PP1 protein are unchanged in adipose, liver, and epitrochlearis muscle of PTG +/-mice. Total cellular levels of glycogen synthase or PP1 protein were analyzed by Western blotting of tissue homogenates prepared from 1-to 2-month-old male animals in the nonfasting state. It should be noted that the anti-skeletal muscle glycogen synthase antibody used cannot detect the liver isoform of glycogen synthase.
played decreased PTG protein levels in all tissues analyzed (Figure 1b) , including liver, adipose, and skeletal muscle. The expression of G M and G L were not altered in the PTG heterozygous mice (Figure 1c) . Glycogen accumulation is attenuated in PTG +/-mice. The levels of glycogen in the nonfasting state were reduced in all tissues analyzed from 1-to 2-month-old PTG heterozygous mice (PTG +/-mice) (Figure 2a ). Epididymal adipose tissue displayed a significant decrease in nonfasting glycogen levels, with a 54% reduction in comparison with age-matched wild-type animals. The levels of heart and liver glycogen were also greatly reduced, with PTG +/-mice displaying approximately 48% less heart glycogen and 42% less liver glycogen than their age-matched wild-type counterparts. The smallest effects on nonfasting basal glycogen levels were seen in skeletal muscle, with forelimb white fiber epitrochlearis muscle decreased 26% in PTG +/-mice relative to wild-type animals. Hindlimb white fiber quadriceps glycogen content was decreased by 24% in PTG +/-mice, although this change did not meet statistical significance. Unlike white fiber muscle types, hindlimb mixed fiber gastrocnemius muscle displayed no differences in nonfasting glycogen content between PTG +/-and wild-type animals. Potential alterations in steady-state glycogen content in the fasting state were also assessed in 18-month-old male animals. The levels of hepatic and heart glycogen in 18-month-old PTG +/-animals were reduced by approximately 25% in the fasting state compared with controls with correspondingly lower set points.
We also assayed for changes in glycogen synthase activity in the tissues of 1-to 2-month old PTG +/-mice (Figure 2b) . The glycogen synthase activity ratio in epididymal adipose tissue was reduced from 0.27 in wild-type animals to 0.17 in PTG +/-mice, although the total amount of glycogen synthase activity was unchanged (data not shown). Consistent with these results, the 
Figure 3
Hepatic glucose release in response to glucagon is not altered in PTG +/-mice. Male animals at 18 months of age in the nonfasting state were used for glucagon tolerance tests (n = 4-6 per group).
Results are reported as mean ± SEM. Tissue weights reported are wet weights taken immediately prior to freezing in liquid nitrogen. Ratios of tissue weight to body weight are shown in parentheses. Sera were collected either after a 16-hour fast or in the nonfasting state, between 8 am and 10 am (n = 4-12 per group). Results are reported as mean ± SEM. A P ≤ 0.01; B P ≤ 0.00005; C P ≤ 0.05. NE, nonesterified; nd, not determined.
hepatic glycogen synthase activity ratio was also reduced, whereas the total activity was not altered. The apparent larger decrease in glycogen synthase activity ratio in liver may be due to a decrease in the ratio of PTG to G L . The high affinity of G L for phosphorylase a can result in the allosteric inhibition of glycogen synthase phosphatase activity by phosphorylase (17) .
Disruption of the PTG gene reduces insulin-stimulated glycogen synthesis. In order to assess the effect of disruption of the PTG gene on the stimulation of glycogen synthase by insulin, we injected 1-to 2-month-old nonfasted animals via the tail vein with insulin, excised muscles 5 minutes later, and performed glycogen synthase assays. Insulin produced a fourfold increase in glycogen synthase activity in epitrochlearis muscle from wild-type mice. Although the absolute activity ratio in response to insulin was decreased in PTG heterozygous mice relative to wild-type animals, the fold response was nearly identical (Figure 2c ). The levels of total cellular glycogen synthase and PP1 protein were not altered in adipose, liver, or epitrochlearis muscle (Figure 2d ).
Although PTG has been shown to bind glycogen phosphorylase in vitro, the glycogen phosphorylase activity ratio and total activity was not impaired in any of the tissues analyzed from PTG +/-mice in the nonfasting state (data not shown). Furthermore, the phosphorylation state of glycogen phosphorylase in the basal nonfasting state, as assessed by Western blotting with a glycogen phosphorylase a-specific antibody, was not different between wild-type and PTG heterozygous mice. In addition, in 18-month-old PTG heterozygous animals, glucagon-stimulated hepatic glucose production during an intraperitoneal glucagon tolerance
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Figure 4
Liver insulin signaling is not impaired in PTG +/-mice. Protein lysates were prepared from liver of 3-to 4-month-old fasting male animals either in the basal state after intravenous injection with PBS or after intravenous injection with 2 mU/g body weight human recombinant insulin. Western blotting was performed for total and phosphospecific Akt. Liver homogenates were immunoprecipitated with an antibody against IRS-1 or IRS-2 and immunoblotting was performed to determine the levels of total IRS-1 and IRS-2 brought down in the immunoprecipitation and for levels of tyrosine-phosphorylated IRS-1 or IRS-2. test was not significantly different from that in agematched wild-type mice (Figure 3) . Disruption of the PTG gene produces progressive, agedependent glucose intolerance. The reduction in glycogenic capacity of the PTG +/-mice prompted us to evaluate possible changes in glucose homeostasis ( Table 1) . The body weights of PTG +/-mice were comparable to those of wild-type animals throughout development, as were liver and epididymal fat pad weights. However, in aged PTG +/-mice, a significant 25% increase in heart weight and heart/body weight ratio was observed. Interestingly, cardiac hypertrophy has been observed in numerous animal models of insulin resistance and diabetic cardiomyopathy (18) (19) (20) . Also of note, the levels of fasting serum leptin were elevated in older PTG +/-mice, suggestive of potential leptin resistance. Fasting blood glucose of PTG +/-mice was normal throughout development, suggesting that hepatic glucose production was not affected by the moderate reduction in liver glycogen stores. In order to test this hypothesis, 3-monthold fasting male animals were injected with insulin through the inferior vena cava and livers were collected for analysis. The effects of insulin administration on the phosphorylation of hepatic intermediate signaling proteins were assessed by Western blotting. The degree of Akt, IRS-1, and IRS-2 phosphorylation observed after insulin stimulation was not decreased in PTG +/-mice compared with age-matched controls. In fact, tyrosine phosphorylation of liver IRS-1 appeared to be enhanced (Figure 4) . Although fasting blood glucose levels were unaltered in the PTG +/-mice at 1-2 months of age, fasting serum insulin levels were elevated by approximately twofold; by 10 months of age, these levels were increased by approximately threefold. Nonfasting serum triglycerides and nonesterified FFAs were unchanged in PTG +/-mice relative to wild-type mice at all ages analyzed; however, the serum levels of fasting triglycerides were elevated by approximately 32% at 18 months of age.
Progressive elevations in fasting insulin levels suggested that the heterozygous knockout mice might exhibit alterations in glucose homeostasis. Intraperitoneal glucose tolerance tests were performed on overnight-fasted animals (Figure 5a ). Although 1-to 2-month-old PTG +/-mice showed no significant impairment in glucose tolerance in comparison with agematched wild-type animals, progressive glucose intolerance developed with aging. Glucose intolerance was evident at 3 months and increased through 18 months of age. Evaluation of the levels of serum insulin throughout the timepoints of the glucose tolerance test revealed that insulin secretion was similar between wild-type and PTG +/-mice at 1-2 months of age ( Figure  5b) . However, the fasting basal levels of serum insulin were elevated twofold in the PTG +/-mice and increased with aging. Moreover, the area under the curve of serum insulin concentrations during the glucose tolerance test also increased progressively with age, suggesting compensatory hypersecretion due to peripheral insulin resistance (21, 22) , without any loss of β cell function. To explore this possibility in more detail, we performed intraperitoneal insulin tolerance tests on nonfasted 12-month-old heterozygous knockout and control mice (Figure 5c ). Insulin tolerance tests revealed insulin resistance in aged PTG +/-mice compared with control littermates, with significant impairment of the ability of exogenously delivered insulin to lower blood glucose levels.
In order to better assess the mechanisms responsible for the observed glucose intolerance in PTG +/-mice, we performed in vivo glucose uptake measurements during an intraperitoneal glucose tolerance test (Figure 6a ). Glucose uptake by white fiber quadriceps muscle was reduced by 35% in 3-to 4-month-old PTG +/-mice relative to controls. However, the uptake of glucose into mixed fiber gastrocnemius muscle was unaltered. Glucose incorporation into liver glycogen during the intraperitoneal glucose tolerance test was also reduced by 46%, although this observation did not meet the threshold of statistical significance (P = 0.057). Interestingly, a 180% increase in glucose transport into the epididymal adipose depot of PTG +/-mice relative to age-matched controls was observed. This effect may occur as a compensatory mechanism to offset the effects of decreased glucose transport into white fiber muscle and liver. Increases in adipose tissue glucose uptake during states of hyperinsulinemia coinciding with selective skeletal muscle insulin resistance have been reported in a number of different animal models (23) (24) (25) . However, upon consideration of glucose uptake rates after correction for differences in relative total tissue protein mass, the increased glucose uptake into PTG +/-epididymal adipose likely cannot fully compensate for the relative decreases in quadriceps glucose uptake and glucose incorporation into liver glycogen (Figure 6b ). It is also conceivable that the increased glucose uptake into adipose tissue of the PTG +/-mice is merely a reflection of the significant increase in insulin levels over wild-type animals during the intraperitoneal glucose tolerance test.
Insulin resistance in PTG +/-mice results from fuel repartitioning into lipid. The accumulation of intramyocellular lipid has been implicated as a cause of peripheral insulin resistance (26) . We thus hypothesized that inappropriate storage of glycogen might lead to a repartitioning of fuel substrates as lipid. The levels of lipid in the muscle of aged PTG +/-mice were measured by estimating triglyceride content in organic solvent-extracted muscle. The levels of triglyceride in the forelimb epitrochlearis muscle derived from 18-month-old PTG heterozygous mice were approximately 30% higher than those observed in agematched wild-type animals (Figure 7a) .
It has been proposed that the accumulation of intracellular long-chain FFAs may activate protein kinases that catalyze the serine phosphorylation of insulin receptor substrates, thereby attenuating tyrosine phosphorylation and the insulin signal (27) . Protein lysates were prepared from muscle of insulin-injected nonfasting animals, and the phosphorylation states of insulin signaling intermediates were analyzed by immunoprecipitation and Western blotting. The levels of phosphoAkt were reduced in muscle of PTG +/-mice in response to insulin relative to control animals (Figure 7b ), although the levels of total Akt were unchanged. Insulin-stimulated muscle IRS-1 tyrosine phosphorylation was also reduced in PTG +/-mice, with no alteration observed in IRS-1 expression. These data suggest that the increases in PTG +/-muscle triglyceride content correlate with attenuation of insulin signaling pathways involved in the regulation of glucose transport.
Discussion
The stimulation of glycogen synthesis by insulin involves the compartmentalized activation of PP1 due to glycogen targeting subunits that act as molecular scaffolds, bringing together the enzyme with its substrates in a macromolecular complex. The heterozygous deletion of the PTG gene indicates that this protein plays a vital role in glycogen metabolism. The steadystate glycogen levels, as well as glycogen synthase activity ratios in PTG +/-animals, were reduced by approximately 40-50% relative to wild-type counterparts in fat, liver, and heart. The levels of white fiber muscle glycogen were also significantly reduced, as was the activation of glycogen synthase by insulin. Moreover, PTG +/-mice become progressively insensitive to insulin with age. In contrast, mice possessing a homozygous deletion of the G M gene display no obvious alterations in whole-body glucose homeostasis or insulin sensitivity despite a significant depletion of muscle glycogen (12) . This suggests that the development of progressive glucose intolerance in the PTG +/-mice may result from a reduction of glycogen in multiple tissues. Interestingly, the overexpression of PTG in rat primary hepatocytes, rat liver, or cultured human muscle cells by adenoviral infection produces dramatic increases in steady-state glycogen
Figure 7
Skeletal muscle of 18-month-old PTG +/-mice displays increased triglyceride content and inhibition of insulin signaling pathways involved in glucose transport and glycogen synthesis. (a) Skeletal muscle triglyceride content is increased in 18-month-old PTG +/-mice. Skeletal muscle triglyceride content was estimated from organic solvent-extracted epitrochlearis muscle isolated from fasting 18-monthold animals (n = 4-12 per group). Results are reported as mean ± SEM (*P ≤ 0.05). (b) Insulin signaling is affected in the skeletal muscle of aged PTG +/-mice. Protein lysates were prepared from muscle of 9-to 10-month-old nonfasting male animals either in the basal state or after injection with 2 mU/g body weight human recombinant insulin. Western blotting was performed for total and phosphospecific Akt. Muscle homogenates were immunoprecipitated with an antibody against IRS-1 and immunoblotting was performed to determine the levels of total IRS-1 and tyrosine-phosphorylated IRS-1.
accumulation and the glycogen synthase activity ratio (14) (15) (16) . Moreover, cells overexpressing PTG did not respond to glycogenolytic stimuli, and thus locked into a glycogenic mode. Taken together, these data demonstrate that PTG plays a crucial role in regulating glycogen synthesis in vivo.
The development of insulin resistance with aging in the PTG +/-mice suggests that the attenuation of glycogen synthesis may produce a progressive repartitioning of energy into lipid in muscle. The accumulation of intramyocellular lipid has been implicated as a causal factor in the development of insulin resistance in both rodents and humans (28) (29) (30) (31) . Indeed, both mouse models (32) and humans (33) with lipodystrophy undergo lipid accumulation in muscle that can be reversed by treatment with hormones such as leptin that increase lipid oxidation. In this regard, the levels of serum leptin are elevated in aged PTG +/-mice, perhaps suggesting peripheral leptin resistance, although this hyperleptinemia occurs without increases in body weight or epididymal fat pad mass. Although hyperleptinemia and leptin resistance usually correlate with obesity, it can occur independently of increased fat mass during aging (34, 35) . The increases in muscle triglyceride content, fasting serum triglycerides, and fasting FFAs observed in PTG +/-mice correlate well with the insulin resistance, as seen in other mouse models (29, (36) (37) (38) (39) (40) . Although the mechanisms by which increases in intramyocellular lipid contribute to insulin resistance remain unknown, correlations have been observed between these states and decreased tyrosine phosphorylation of insulin receptor substrates (26, 27, (41) (42) (43) . In this regard, the tyrosine phosphorylation of IRS-1 and the downstream activation of Akt were decreased in muscle of aged PTG +/-mice. These observations provide a mechanistic link between decreased whole-body glycogen stores and an attenuation of insulin signaling, leading to the development of insulin resistance with aging.
The hyperleptinemia in aged PTG +/-mice may also contribute to the observed increase in heart mass. Leptin is also known to affect sympathetic nerve activity and arterial pressure (44) (45) (46) . It has been demonstrated that the sympathetic actions of leptin can be maintained or even elevated during the compensatory hyperleptinemia of leptin resistance (47, 48) . This selective leptin resistance may allow for the development of hypertension and cardiac hypertrophy during hyperleptinemia, while the metabolic effects of leptin are impaired.
Alterations in lipid metabolism during states of glycogen depletion have been observed in several clinical models. Severe liver glycogen depletion brought about by rare mutations in the glycogen synthase gene can result in elevations in fasting ketone bodies and FFAs, a condition known as glycogen storage disease type 0 (49) (50) (51) (52) . Additionally, post-marathon runners, who exhibit moderately decreased muscle glycogen stores, become transiently insulin resistant and display decreased whole-body glucose uptake. This is likely due to an adaptive response in fuel homeostasis in which lipid oxidation is increased under conditions of the euglycemic-hyperinsulinemic clamp (53) .
Studies in cases of early-onset insulin resistance revealed that the first detectable abnormality in insulin action lies in the storage of glucose as glycogen (54) (55) (56) . Although it is likely that these observations were reflective of decreased glucose uptake in insulin-resistant subjects, glycogen synthesis is typically diminished in patients with type 2 diabetes and may represent a critical event in the pathophysiology of the disease. The PTG +/-mouse represents an interesting variation and a new model of this syndrome, in which the attenuation of glycogen synthesis per se does not directly produce insulin resistance, but rather generates a gradual attenuation of insulin signaling, probably through the redirection of fuel substrates into lipid. Moreover, the data presented here demonstrate that scaffolding proteins play a key permissive role in insulin action in a physiological setting. Future studies will focus on the molecular mechanisms underlying the dephosphorylation of glycogen synthase in response to insulin and on the role of PTG in this important metabolic event.
